Abstract-In this paper, the kinetic process of extracting total protein from quinoa by AOT/ isooctane reverse micelles was systematically studied. The effects of extraction time, extraction temperature, particle size and oscillation rate on quinoa protein forward extraction rate were investigated respectively. Results showed that extraction of quinoa protein by AOT/ isooctane reverse micelles system was mainly controlled by internal diffusion, that is, the diffusion of protein from the interior of the particle to the surface was the control step of the reverse micelle extraction process. The extraction process can be explained by shrinking core model. The macroscopic dynamic equation of the protein forward extraction by the reverse micelles system was established and verified by extraction experiments at different temperatures. The experimental results indicated that the extraction process belonged to first order reaction and the apparent activation energy was 14.65kJ / mol. The kinetic equation model could better describe the reverse micelle extraction process of quinoa protein and could provide important theoretical reference for the comprehensive development and utilization of quinoa protein in the future.
INTRODUCTION
Reverse micelle are agglomerates in which a surfactant is dissolved in a non-polar solvent [1, 2] . In a reverse micelle solution, the hydrophobic groups of the surfactants come into contact with the solvent, and the hydrophilic groups face inward to form a polar core [3] [4] . The core can solubilize water to form a "water pool", and biologically active substances such as proteins can be dissolved in the "pool" and be extracted. At present, researchers have focused on the extraction of biochemical substances from reverse micelle and have achieved remarkable results [5] . The extraction rate of biochemical substances has been significantly improved by selecting different reversed micelle systems or using auxiliary ultrasonic technology and supercritical technology in the extraction process [6] . It is generally believed that the process of mass transfer of solid protein dissolved in reversed micellar solution is the direct action of reversed micelle and proteins at the interface between the two phases [7] , completing the mass transfer process, accompanied by the solubilization of water and ions. More studies had shown that alkaline extraction of protein in tomato seeds indicates that the diffusion process of the protein inside the solid was the decisive step for extraction [8] [9] . However, this extraction system was quite different from the reversed micelle extraction system [10] . Therefore, the kinetics of reversed micelle extraction of solid proteins needs further study.
In recent years, more and more studies have shown that quinoa has been introduced all over the world and has become a research hot spot in crop and food fields [11] . Quinoa contains a lot of high quality protein easily absorbed by human body, and its protein content is much higher than that of conventional crops such as rice, barley and corn [12] . The protein of quinoa is mainly composed of albumin and globulin, and the content of gliadin and glutenin is low. Among them, quinoa albumin has the function of reducing weight and blood lipids [13] . However, few reports have been reported on the forward extraction kinetics of quinoa protein extracted from the solid liquid phase with the reverse micelle system [14] [15] .
In this paper, the factors and dynamic characteristics of the protein forward extraction were analyzed and investigated with high protein quinoa as raw materials. The kinetic equation was set up to provide theoretical support for the application of AOT/ isooctane reverse micelle extraction in the development of the quinoa protein resources.
II. EXPERIMENTAL

A. Reagents and Materials
Mature white quinoa seeds were supplied by Qinghai Golden Millet agricultural science and Technology Development Co., Ltd. The seeds were cleaned and preserved at low temperature until use. AOT (bis (2-ethylhexyl) sulfosuccinate sodium salt), isooctane, KCl, KH2PO4, Na2HPO4 were all supplied by Merck (Darmstadt, Germany). Water was double distilled. Automatic Karl Fischer moisture analyzer, water bath constant temperature oscillator, automatic Kjeldahl apparatus, centrifuge, etc were used in the protein extraction experiment.
B. Analysis of Main Ingredients of Quinoa Powder
Protein content was determined by Kjeldahl apparatus [16] . Water content was determined by Karl Fischer moisture analyzer [17] .
C. Preparation of AOT/ Isooctane Reverse Micelle Solution
A certain amount of AOT was placed into a conical flask and different volume of isooctane was added. AOT was completely dissolved by magnetic stirring until the solution was transparent to form different concentrations of AOT. 0.1 mol/L KCl phosphate buffer was added into the solution, and the solution was fully oscillated at room temperature and centrifuged at 5000r/min for 10min or stand for 12 h to obtain the AOT/ isooctane reverse micelle solution. The water content of the reverse micelle solution was measured by Karl Fischer moisture analyzer.
D. Protein Forward Extraction Experiment
20 mL reverse micelle solution was placed in a 100 mL conical bottle and added the quinoa powder into the bottle. Extraction was operated at a certain time in a water bath oscillator at a certain speed, then centrifuged at 5000r/min for 10 minutes. The system was divided into two layers. The protein concentration in the supernatant was measured by Kjeldahl method.The protein extraction rate was calculated as follows:
In the formula, Re was the protein forward extraction rate; Cr was the protein concentration in reverse micelle solution (mg/ml); Ct was the total protein concentration in quinoa (mg/ml).
E. Selection of Kinetic Model of Reverse Micelle Extraction
The process of extracting quiona protein by reversed micelle may include four steps [18] : 1) The reverse micelle diffuse from the main body of the organic phase to the solid-liquid interface;
2) The proteins diffuse from the solid interior to the solid-liquid interface; 3) The proteins in the solid-liquid interface and the reverse gum The beam collides to form a reversed micelle containing the protein; 4) The reversed micelle containing the protein diffuses from the two-phase interface into the organic phase. The extraction process may include 4 kinds of resistance control: external diffusion resistance control, interfacial reaction resistance control, internal material diffusion resistance control and mixed resistance control.
For the liquid-solid non-catalytic reaction model, the most widely used was the shrinking core model [19] . In deriving the reaction rate equation, the model needs to do three assumptions: 1) the reaction occurs on the apparent interface of the unreacted core; 2) the reaction process is a quasi steady state process; 3) the temperature in the solid is homogeneous and the reaction is a pseudo first-order irreversible reaction [20] [21] .
With reference to this model, the liquid-solid extraction mathematical model of quinoa protein extraction by AOT/ isooctane can be expressed as [22] :
In the equation: t is the extraction time; x is the protein front extraction rate; and k1, k2, k3 are the constant of the property of the material system. If the extraction process was controlled by external diffusion, the equation (1) can be simplified to
If the extraction process was controlled by interface, the equation (1) can be simplified to
If the extraction process was controlled by internal diffusion, the equation (1) can be simplified to
When reaction was controlled by both interface chemical reaction and internal diffusion, named mixed control , the equation (1) was simplified to:
III. RESULTS AND DISCUSSIONS
A. Analysis of Main Ingredients of Quinoa Powder
The moisture content of the quinoa powder was 6.88% and the protein content was 21.6%. Figure 1 showed that increasing the extraction time can promote the protein to enter the reverse micelle solution. Between 20-60 min, the forward extraction rate of protein increased with the extraction time, and the extraction rate of protein increased slowly after 60 min, indicating that the process of forward extraction was close to balance at 60 min. 
B. Effect of Extraction Time
C. Effect of Temperature on Protein Extraction Rate
At the same extraction time, the higher the temperature, the higher the extraction rate; at the same temperature, with the increasing of extraction time, the extraction rate of protein also gradually increased (Table 1) . However, during the actual experiments, we found that the forward extraction rate of protein at 50℃ was lower than that of 40℃. Temperature had two main reasons on protein extraction [23] . First, when the temperature increased, the viscosity of the system decreased, which reduces the diffusion resistance of the molecules and increased the mass transfer rate, whereas the extraction rate decreases. Second, when the temperature was too high, some protein denature leads to the decrease of solubility in water. At the same time, the increase of temperature might also affect the stability of the reverse micelle system, which leads to the decrease of protein extraction rate. So, the extraction temperature range was selected 25-40 ℃ to achieve good extraction results. The above data were substituted into the equation (3) and (4) to examine whether the extraction was controlled by internal diffusion or interface reaction. The results were shown in Figure  2 and 3. Results showed that in the extraction process, the reaction time was linearly related to 
. This indicated that the extraction process did not belong to the mixed control process [24] . So it can be proved from Figure. 2 and 3 that the process which quinoa protein extracted by reverse micelle was controlled by internal diffusion.
FIGURE II. THE RELATIONSHIP BETWEEN EXTRACTION TIME AND 
D. The Effect of Particle Size on Protein Extraction
As shown in Figure 4 , the Figures were all straight and all pass through the origin. It indicated that at the same extraction time, the smaller the particle size, the higher the protein extraction rate. This result could be explained in two aspects [25] . Firstly, the reduction in particle size increases the specific surface area of the particles which results in a larger mass transfer surface area of the quinoa powder. Secondly, under the premise of a certain total quality, the smaller the particle size, the more the number of particles, so that the larger the reaction area, the faster the leaching rate. The reduction of the particle diameter shortened the diffusion distance of the protein inside the particle and reduced the internal diffusion resistance of the protein, thereby increasing the mass transfer rate [26] .The results showed that in the forward extraction, the diffusion of proteins inside the particles had a significant effect on the extraction effect. Figure 5 showed that when the oscillating speed was less than 160r/min, the extraction rate of protein increased with the increase of the oscillating speed; when the oscillating speed was greater than 160r/min, the extraction rate of protein was no longer changed. Oscillation could enhance diffusion, promoted well dispersion of reversed micelle, and promoted efficient diffusion of liquid reactants through the solid product layer [27] , thereby increasing the area of the phase boundary and the diffusion coefficient. As the oscillation rate increased, the reverse micelle were fully contacted with quinoa powder, and the effective mass transfer area increased, leading to a significant increase in the extraction rate. When the oscillation rate was greater than 160 r/min, the extraction rate had no obvious change, which indicated that the external diffusion had little effect on protein extraction.
FIGURE IV. EXTRACTION KINETICS CURVES AT DIFFERENT PARTICLE SIZES
E. Effect of Oscillation Rotation Speed on Protein Extraction Rate
FIGURE V. EFFECT OF EXTRACTION TIME ON PROTEIN EXTRACTION RATE
F. Effect of AOT Concentration on Protein Extraction Rate
Substituted the results of protein extraction at different AOT concentrations into the equation (4) and made the dynamic curve, the results were shown in Figure 6 . It showed that extraction time and
had a linear relationship and passed through the origin, indicating that the extraction of quinoa protein from reverse micelle was controlled by internal diffusion [28] . At the same time, with the increase of AOT mass concentration, the protein extraction rate gradually increased. The low surfactant concentration was detrimental to the formation of reversed micelle, resulting in a low protein extraction rate. Increasing the mass concentration of AOT will increased the concentration of reversed micelle in the solution and the amount of solubilized water in the "pool" will increased accordingly. If the AOT concentration was too high, the viscosity of the system will increased, resulting the decrease of the intermolecular collision between micelle and the extraction rate of protein. It also leads to the complexity of the back extraction process in the future [29] . Through repeated experiments, the maximum concentration of AOT chosen was 0.1mg/ml to obtain better protein extraction rate.
The apparent rate constant k 3 were obtained according to the extraction kinetic curve at different AOT concentrations. Take log C as the abscissa and log k 3 as the ordinate, as shown in Figure 7 . The regression equation was linear (y=0.9409x-1.859) and the R 2 = 0.999. It indicated that the reaction order in the quinoa protein extraction process can be regarded as a firstorder reaction [30] .
FIGURE VI. EXTRACTION KINETIC CURVES AT DIFFERENT AOT CONCENTRATIONS FIGURE VII. THE PLOT OF LOG K3 VERSUS LOG C
G. Establishment of Reverse Micelle Extraction Kinetic Equation
Results from Figure 4 and Figure 5 indicated that the effect of external diffusion on protein extraction was very small in the process of quinoa protein extraction. The diffusion of proteins inside the particles had a significant effect on the extraction of proteins. Therefore, it inferred that during protein forward extraction, the diffusion of protein from the inside of the particle to the surface of the particle was a control step of the protein extraction, so the extraction process belong to internal diffusion control. Therefore, the kinetics of extraction process can be explained by the shrinking core model. 
H. Verification of Kinetic Equation
The kinetic equation was verified by the quinoa protein extraction data by reverse micelle at 20, 26, 32 and 45 ℃ respectively. Results were shown in Figure 9 . The test results were in good agreement with the experimental values. Therefore, it showed that the shrinking core model can be better applied to the kinetics of quinoa protein extracted by AOT/ isooctane reverse micelle system. The process of extraction of quinoa protein by reverse micelle was studied and the factors affecting the extraction of quinoa protein were investigated. The results showed that higher temperature, smaller particle size and higher reverse micelle concentration were beneficial to the internal diffusion reaction. The experimental results showed that the solid-liquid reaction was a first-order reaction with respect to the concentration of reversed micelle, and the apparent activation energy under the experimental conditions was 14.65 kJ·mol -1 . During the extraction process of AOT/ isooctane system, the diffusion of protein from the interior of the particle to the particle surface was the control step of mass transfer. The mass transfer resistance of the protein into the polar core of the reverse micelle and the external diffusion can be ignored. The process can be simulated by the shrinking core model. 
